The root-attacking moth, Bradyrrhoa gilveolella (Lepidoptera: Pyralidae), has been released as a biological control agent for Chondrilla juncea L. (Asteraceae) in Argentina and Australia; however, both efforts failed. As part of our effort to establish this insect in North America, we conducted a field study of its biology in northern Greece with the goal of making an informed release according to the most suitable environmental conditions for the larvae and to synchronize the phenologies of this insect with its host. Our study population was at 950 m in the mountains of northern Greece, an area climatically matching the interior mountains of the state of Idaho (USA), our intended target for colonization. Besides obtaining a much more complete picture of its basic field biology, the most significant finding of this study was that despite living in an area with a long, cold, snow-covered and extensive winter, and very hot summers, this insect has a single generation a year but no distinct over-wintering stage or highly synchronized period of emergence of adults during the summer.
Introduction
Chondrilla juncea L. (Asteraceae) is a long-lived perennial of European origin with a deep taproot. A rosette during most of the year, in early summer it bolts to produce a tall, woody forb with slender, leafless branches, hence the common name 'skeletonweed'. Its natural range in Europe extends from Volga River in Russia to the Atlantic coast, and surrounds the Mediterranean Sea. It is a major weed in Australia, Argentina, and the northwest United States and adjacent Canadian provinces (Holm et al., 1997) . The most recent and rapidly spreading population in North America and the one being targeted for control is in the southwest corner of the state of Idaho. In Argentina and Australia, the plant is a major problem in wheat fields, but in Idaho, it is still primarily restricted to native ecosystems being managed by the United States Forest Service particularly in drier pine forests and on open hillsides.
Biological control was initiated by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Australia, which released and established three agents: a blister-forming Cecidomyiid midge, Cystiphora schmidti (Rübsaamen), a gall-forming Eriophyid mite, Eriophyes chondrilla (Canestrini) and the rust fungus Puccinia Chondrilla Bubak & Sydenham (Julien and Griffiths, 1998) . The programme was initially very successful, due to the action of the rust (Burdon et al., 1981; Cullen, 1981) . In North America, the same three agents were introduced and are presently established throughout the range of C. juncea (Piper et al., 2004) . Unfortunately, in southern Idaho, their combined effect is having little or no discernible effect in reducing the spread or impact of this invasive weed.
The Australians also released a fourth agent, the root-attacking moth Bradyrrhoa gilveolella (Careshe and Wapshere, 1975) ; despite numerous attempts, however, it failed to establish (Cullen, 1981) . With the apparent successful control of C. juncea by the rust, Australian authorities eventually discontinued work on this agent. Subsequently, the Argentinians attempted to establish B. gilveolella but also failed (Julien and Griffiths, 1998) . In Idaho in the mid 1990s, due to the rapid spread of C. juncea and its impact on native ecosystems, a new effort at biological control was initiated and the first agent selected was B. gilveolella, based on its known specificity as shown in the work conducted by Australians (Careshe and Wapshere, 1975) . A petition to release B. gilveolella was submitted for release in North America (Littlefield et al., 2000) and approved in 2002. Attempts are presently underway to establish this insect in Idaho. In view of its failure to establish in both Argentina and Australian, we realized that this may be a difficult insect to colonize. Accordingly, concurrent to our attempt to establish it in Idaho, we have been studying both its habitat preference (Littlefield et al., 2008) and its biology under field conditions in northern Greece. We are hoping to identify clues to help synchronize the life stage of B. gilveolella being released with the phenology of C. juncea, the local climate of southern Idaho, and other factors which might affect its establishment, such as coarseness of soil.
Methods and materials

Targeted release sites in Idaho
Within the south-west Idaho infestations, Garden Valley, 50 km north of Boise, was selected as the target area. The introduction of C. juncea, originally carried out in the mid 1960s, in this valley represents the oldest and densest stand of C. juncea in southern Idaho.
Collection site in Europe
To find a B. gilveolella population in Europe living under a similar habitat and climatic zone to Garden Valley area, we examined populations of C. juncea around the Black Sea and throughout the Balkans and found B. gilveolella at many sites. We then attempted to match habitats in Europe with our target areas in Idaho by comparing soil temperatures. At five locations within the south-western Idaho C. juncea population, soil temperature probes ('Optic Stow-Away Temp Probes', Onset Computer Corporation, Pocasset, MA, USA) were buried 2-3 cm deep (where the B. gilveolella spends its larval stage) at the base of mature C. juncea plants. Probes were similarly buried at seven sites in Bulgaria and northern Greece. Based on a comparison of habitats (Littlefield et al., 2008) and soil temperatures, we selected an area at Lake Prespa in north-western Greece for collections. This high (950 m) mountain valley has a long, cold winter, usually with a prolonged snowpack, and has the closest soil temperature match to Garden Valley in Idaho (Figure 1) . The large population of B. gilveolella found in the sand beach around this lake has become the source of the populations being tested and introduced to Idaho. We have also concentrated on studying the insect's biology in this area.
Seasonal life history of B. gilveolella
Field sampling consisted of fortnightly visits to Lake Prespa, where the sampling area was divided into three parallel collection strips, each about 800 m long and 20 m wide according to the fineness of the sand grains (coarse, top of beach; medium, middle of the beach; fine, near the water). Field researchers walked through one randomly selected transect at each collection strip, and the closest C. juncea plant at every 3-m interval was excavated. There were higher densities of plants near the lake, and medium densities in the other two sampling strips away from the water. At each sampling time, a total of 51 plants from all three sampling strips were collected. In the European Biological Control Laboratory (EBCL) substation in Thessaloniki, Greece, the larvae were extracted from their feeding tubes and their instar was determined. All larvae were preserved in alcohol, and 533 were found suitable for head capsule measurements to determine their development stage. The total number of larvae collected each month over the 4 years was determined and the percentage of each of the five instars calculated. Additional studies on the biology of this insect were made in quarantine facilities in Bozeman, MT, USA, while it was undergoing host specificity testing (Littlefield et al., 2000) .
Results
Examination of larvae in the field has given us information on their stage of development at different times of the year, their method of over-wintering and time of adult emergence (i.e. the presence of pupae or recently empty pupae cases). Figure 2 shows the relative abundance of the different instars of Bradyrrhoa found at Lake Prespa over the 4 years of this study. Pupae were found beginning in mid June, peaking in July, and ending in early August. Presumably, adults were present in the field at about the same time.
Adult females mate immediately after emerging but usually require 2-3 days of feeding on sugar water in the laboratory before they begin oviposition. The ratio of adult males to females is approximately equal. In the laboratory, mating takes place readily in small mesh emergence cages or plastic storage boxes containing only paper towels. Oviposition in the laboratory lasts 5-7 days with a female producing on average 100 eggs (Littlefield et al., 2000) .
Eggs
In mesh cages over potted plants in the greenhouse, females do not have a preferred oviposition site, and eggs were found on a wide variety of plant parts. Unfortunately, despite intensive searching we did not find eggs or empty egg shells at Lake Prespa so we cannot confirm the normal location for oviposition in the field. In the greenhouse on caged plants, eggs are firmly attached to the plant part that they are laid on, are 0.5-0.7 mm in diameter, flattened, and initially white, but as they develop, become reddish, then darken 3-5 days before hatching as the larvae becomes viable.
Larvae
Results of 3 years of field observations showed that 620 (30.4%) of the total larvae counted were collected from the transect with plants growing in coarse sand, 48.4% in mixed sand and 21.2% fine sand.
First Instar:
The newly emerged larva descends from the plant by crawling down the leaf or stem to the rosette. There it works its way down the space between the crown and the soil and chews a small cavity approximately 0.5 mm in diameter into the root 2-3 cm below the soil surface. From this wound, the plant exudes latex, which penetrates into the surrounding soil forming a porous clump. The larva lives in cavities in this clump but does not form a distinct feeding chamber. Second Instar: The larva remains in the latex clump and continues to feed in small pits in the root and forms a chamber 1 mm in diameter and 3-4 mm long adjacent to the root surface. Third Instar: The larva abandons the latex clump and feeding pits, and at a slightly lower point on the root constructs the first true feeding chamber: a small 1-to 2-mm silk-lined tunnel attached to the outside of the root. Feeding is restricted to a feeding groove 1-2 mm wide and 3-5 mm long, penetrating the root cortex. The larva feeds on the edges of this groove which have a distinct yellow colour but show no sign of the latex that, otherwise, oozes from any wound in the cortex. Fourth Instar: The larva feeds by enlarging the groove excavated in the root but a major change occurs in the feeding tube. It is extended upwards to the soil surface, either along the side of the plant or as a branch from the main feeding tube. The feeding tube reaches 10 cm or more in length, and by moving within it, the larva escapes extremely low soil temperatures to survive during winter when temperatures occasionally reaches -10°C. Feeding is at a single feeding site which expands to a groove up to 10 cm and more in length and 2-3 mm wide. However, the depth remains shallow (1 mm), and shows the distinct yellow edge where the larva has cut into the cortex of the plant. Fifth Instar: The majority of the larval growth (at least 50%) occurs in this instar. There is no significant change in the size or shape of the feeding tube although the larva continues to strengthen and thicken the wall using pellets of latex. Feeding remains concentrated in the original feeding groove, which reaches its maximum length of 10-15 mm. Upon completion of feeding, the opening between the tube and feeding groove is closed with silk and the interior of the feeding tube is lined with an additional layer of silk and latex to form the pupal chamber.
Pupa
Pupation occurs in the special silk-lined chamber in the feeding tubes, with all exuviate and frass sealed below. Upon completion of pupation, which in our greenhouse requires 7-14 days, the newly emerged adult crawls up the feeding tube or its side branch. The end of the tube consists of only a light layer of silk covered with soil particles, which the adult traverses to emerge at the soil surface. 
Feeding tube
The most distinct feature in the development of this insect is the rather unique feeding tube attached to the C. juncea root. Initially, this is a fine, silk-lined tunnel constructed by the third instar larva down the outside of the root of the plant. The length of this small tunnel apparently dictates the size of the subsequent feeding tube since as the larvae grow, they do not appear to extend the tube, but only enlarge its diameter and strengthen the wall with latex pellets. In loose loam or fine loam, the wall of the tube is thin, flexible and almost cloth-like, but in coarser soil and sand, grains are incorporated into the wall making it much thicker and firmer. The length of this feeding tube and the larvae in the soil are quite variable, but at Lake Prespa it averaged 7.12 cm (range 1-21 cm). The method of constructing the tunnel in which the tube is formed is unknown. It is not excavated since the tunnel initially does not reach the soil surface, so it possibly formed by the larva forcing the sand grains or soil particles apart. The tunnel is subsequently lined with the latex particles and layers of silk, and in the fourth and fifth instar, an excess of latex particles is often produced which often form a distinct clump of white pellets in the bottom of the feeding tube. The latex content of this feeding tube attracted the attention of Russian scientists who discovered that it was a high-quality natural rubber, and studied B. gilveolella (Kozulina and Rudakona, 1932) to determine if these feeding tubes could be harvested as a source of locally produced rubber (Dirsch, 1933; Iljin, 1930) .
Feeding
Any slight injury to the root of C. juncea results in a copious flow of highly viscous white latex. B. gilveolella is highly co-evolved with the plant and not only can compensate for this latex flow but may utilize it as food. The feeding groove the larva creates in the root's cortex is often no larger than the body of the larva and after the second instar there is no sign of an uncontrolled flow of the latex. Apparently, the larva, feeding on the outer edge of this groove, ingests the latex along with other nutrients produced by the plant and excretes the latex as small, distinct, white oval pellets, which it incorporates into the wall of its feeding tube. The limited size of the groove itself appears to indicate that the larva does not obtain its nutrients by consuming significant quantities of root tissues, but must subsist on the sap and latex flowing from this wound.
Impact
In the field, there is no visible impact on mature plants from the feeding of several larvae except on very small plants (roots, 1-2 mm in diameter) which are severed and killed, resulting in starvation of the larva. In the field, the insect shows no preference for plant size, and there seems to be uniform attack on plants with roots as small as 2 mm up to 20 mm in diameter. Since the larvae do not consume significant amounts of root tissue, their impact appears to be primarily through stressing the plant by diverting the nutrients that would normally go into growth.
Generations per year
In early studies in Russia, Bradyrrhoa was found to have two widely overlapping generations per year (Kozulina and Rudakova, 1932) . Subsequently, an Australian study on the coast of Greece also reported two generations per year (Careshe and Wapshere, 1975) . At Lake Prespa, we were initially confused since sampling in spring or fall, produced a very wide range of larvae (from as small as 5 mm to more 20 mm), but without clear evidence of two generations. Once we began to separate the larvae by instars and began sampling during the summer months, it became clear that we had only a single generation per year. Adult emergence begins in mid-June and continues for almost 2 months. At this time, the larger larvae (fourth and fifth instars) disappear, marking the end of the first generation. First and second instar larvae are found only from July to September. Apparently, the first larvae to hatch complete most of their development and enter diapause in early November as fifth-instar larvae, but those larvae that hatch from the last eggs laid enter diapause as fourth-instar or, a few, as late third-instar larvae. Larvae end diapause the following spring and complete their feeding and development by that summer to give rise to the next generation.
Discussion
Soil temperature comparisons between Lake Prespa, Greece, and the Garden Valley sites in Idaho appeared to be the closest match between Idaho and any of the areas studied in the Balkans. B. gilveolella over-winters as a late fifth-instar larva or as a pre-pupa, along the coast of Greece, where it has two distinct generations per year (Careshe and Wapshere, 1975) . At Lake Prespa, the population has no distinct over-wintering stage and hibernates as any of the last three instars. Since an active larva would possibly be susceptible to freezing temperatures, this would seem to be a disadvantage. However, its survival is probably dependent on the snow pack that covers the ground surface for the majority of the coldest part of winter. Similarly, our site in southern Idaho has a similar snow cover which should protect these larval stages.
Based on these observations, we recommend that if first instar larvae are to be released in Idaho, they should be released in July or August. However, soil surface temperatures during the day can be extremely high, so late evening releases of some type of shading may be necessary. Late-instar larvae (fourth or fifth) should be released in September or October. In all the above-mentioned cases, the surface of the release area should be covered with loose sand to a depth of about 5 cm to allow fast and easy penetration of the larvae into the ground and to protect them from heat and dehydration. If releases of adults are planned, they should be in cages in July.
